In this paper, the rolling textures of six magnesium alloys containing different levels of zinc and rare earth (e.g., mischmetal or Y) additions are examined. The overall texture strength and the basal pole intensity aligned with the sheet normal direction is lower for rare earth containing alloys than for conventional alloys. The distinct textures generated in this study allow investigation of the influence of texture on the mechanical response. The anisotropy of the yield and flow strengths is reversed and the planar anisotropy is reduced (r ~ 1) in comparison to conventional alloys. Both aspects of the anisotropy are related to the fact that the dominant texture components in the Mg-Zn-RE alloys place more grains in favourable orientations for basal slip and tensile twinning, particularly during transverse direction tension. Mg sheets with lower r-value promise to have improved forming behaviour, at least under straining conditions which call for thinning of the sheet.
Introduction
Improving fuel efficiency and reducing emissions of vehicles can be achieved through light weight construction. Magnesium and its alloys offer a remarkable potential in this regard as the lightest construction metals [1] . Unfortunately, present magnesium wrought alloys are limited in their formability. A possible contributor to the formability problem is the strong crystallographic texture which is typical of magnesium sheets. The vast majority of grains are oriented such that their basal (00.1) planes are close to the sheet plane. Due to the intrinsic plastic anisotropy of the hexagonal close packed crystals, such a texture places most grains in an orientation where it is difficult to deform, resulting in high flow stresses, modest work hardening and, therefore, low values of uniform elongation. Magnesium alloy polycrystals with more random textures result in higher strain hardening rates [2] than commonly observed in typically textured wrought products [3] . Such improved strain hardening behaviour promotes stable plastic flow necessary for improved formability [4] . Additionally, such textured materials have a strong tension-compression strength asymmetry associated with the polar nature of mechanical twinning, which results in strange bending characteristics, such as failure initiation on the compression side of bent sheets [5] and tubes [6] .
The potential to improve the formability of magnesium alloys by modifying the texture has been demonstrated [7] . Thin sheets were sectioned from a thick plate with a texture gradient and it was found that the sections with the weaker (more random) texture exhibited the highest formability. However, the strong basal texture and resulting mechanical properties have appeared to be essentially inevitable within the range of typical industrial wrought processing techniques used to produce sheets, although a wide range of wrought magnesium alloy compositions and sheet processing schemes have been explored in the past.
It has recently been observed that alloys containing additions of yttrium (Y) and rare earth (RE) elements such as neodymium (Nd) can develop more random textures during hot extrusion [8] and during plane strain compression followed by annealing [9] . The deformation texture of these alloys is not very distinct from other magnesium alloys, rather recrystallization appears to strongly alter the texture. The randomized texture has been associated with particle stimulated nucleation (PSN) of recrystallization (RXX) [8, 10, 11] .
PSN has been cited as a texture randomizing mechanism which is exploited in the production of other metals, such as aluminium alloys [12] . Indeed, the alloys examined previously did have high alloying contents, such that precipitation is expected and PSN becomes an attractive explanation for the observed texture randomization. The ability to randomize the texture of wrought magnesium alloys has positive implications, such as reducing the tension/compression strength asymmetry as well as the potential to improve the secondary formability mentioned above. However, the alloys in which the effect has been observed were originally developed for high strength and creep resistance and are unsuitable for sheet processing.
This paper reports on a study of magnesium alloys with only dilute additions of RE or Y, which are more appropriate for sheet processing (< 1 wt%). All the different alloys examined contain zinc as the main alloying element in the range of 1 -4 wt.%. The effect of alloying additions on the resulting sheet texture will be examined. These textures will then be correlated to the mechanical response of sheets, especially in terms of the in-plane yield stress and strain (r-value) anisotropy, as well as the uniform elongation as indicators of sheet formability.
Experimental
Six sheet alloys were examined in the present study. Five of them were processed on industrial scale and examined in an as-rolled (hot-rolled) condition. These alloys are ZK10, ZE10, its modification with zirconium ZEK100, an alloy with higher zinc content ZEK410, as well as a similar alloy containing yttrium ZW41. The chemical compositions of these alloys are listed in Table 1 . One further alloy, which is representative of "conventional" wrought magnesium alloys, ZM21 was cast and machined into slabs for rolling experiments in the laboratory. The sample geometry was 240 mm x 70 mm x 7.4 mm. A homogenization heat treatment was conducted for 16 hr at 400°C prior to rolling. The rolling procedure consisted of 6 passes with a constant reduction of thickness each referring to a true strain
where n is the number of the pass and h n is the sample thickness after pass n. After every pass, the sheet was re-heated to 400°C for 15 minutes to keep the rolling temperature consistent.
The final gage of all samples examined in this study was 1.0 -1.4 mm thickness ( Table 1 ).
The ZM21 sheet at final gauge received a heat treatment for 0.5 hr. at 400°C. Similarly, the heavily twinned microstructure of alloy ZK10 in the as-rolled condition was suggestive of being rolled at lower temperatures during final rolling steps. Thus, it too received a partial recrystallization heat treatment of 1 hr at 300ºC in order to produce a microstructure comparable to that observed in the other alloys. (This had little impact on the observed texture, though the strength values were reduced and the ductility values increased.)
Universal testing machines were used for tensile testing at room temperature with a constant strain rate of 10 -3 or 5 x 10 -3 s -1 (strain rate sensitivity studies have shown such Mg alloys to be rate insensitive at room temperature [3, 13] .) Samples were taken in three sample orientations from sheets -rolling direction (RD), 45° and transverse direction (TD).
Extensometers were used to simultaneously measure changes in length and width during many of the tests. In other cases, the changes in width were measured ex-situ on samples for which the tests were interrupted at a strain of ϕ ~ 0.09. R-values were calculated in each sample orientation as
where ϕ is the true plastic strain along the sample length l, width w, and thickness t.
To analyse the microstructure by optical microscopy, standard metallographic sample preparation techniques were employed including the use of an etchant based upon picric acid [14] which revealed the grains and grain boundaries. The average grain size was determined from several micrographs from longitudinal sections using a computer-aided linear intercept measurement. A scanning electron microscope (SEM), ZEISS DSM 962 was used with an accelerating voltage of 20 keV to perform chemical analysis of second phase particles using energy dispersive X-ray spectroscopy (EDS).
Samples were cut from sheets, ground to their mid-planes, and heavily etched for texture measurements. A Scintag X1 X-ray diffractometer using Cu K α radiation and equipped with a four-circle goniometer was applied in reflection geometry. The (00. 
Results

Microstructure
Sample micrographs from the longitudinal sections of the sheets are shown in Fig. 1 All the rest of the zinc containing alloys examined in this study have lower basal pole intensity parallel to the sheet ND and the highest intensity point is more tilted (± 20°) away from the ND toward the RD. For example, Figure 4 shows that alloy ZK10 has a similarly strong texture as ZM21, but the orientation of the components is distinct. As discussed below, the addition of Mn to Mg-Zn alloys suppresses the Zn solubility [16] . Therefore, it is hypothesized that the reason the ZM21 has a distinct texture from the rest of the alloys is the lower Zn solute content.
This texture description of alloy ZK10 also holds for the rare earth containing alloys, such as ZE10 and ZEK100. In fact, the texture of these two sheets is approximately the same, which suggests that the grain refining zirconium additions to ZEK100 do not strongly affect the deformation and recrystallization mechanisms responsible for texture evolution.. However, the addition of rare earth elements does produce a number of qualitative changes relative to the texture observed in ZK10 (see Figs. 3 & 4) .
i) The textures are weaker overall, as indicated by the lower peak intensities.
ii) The angular distribution of basal poles is significantly broader toward the TD whereas the overall spread toward the RD is not significantly affected.
iii) While the poles of the (10.0) prismatic planes tend to lie close to the sheet plane, they are preferentially oriented parallel to the RD.
The higher zinc content alloys, ZEK410 and ZW41, exhibit the same three qualitative features as described for ZE10 and ZEK100, though to an even greater extent. It is noted that the different rare earth alloying elements, yttrium in ZW41 and mainly cerium in ZEK410, have a very similar effect on the texture.
Mechanical properties
Typical stress -strain curves from tensile tests are shown in Figure 5 for RD, 45° and TD.
Related mechanical properties are summarized in Table 3 . Alloy ZM21 exhibits a yield anisotropy typical of conventional magnesium alloys, such as AZ31B [16] . The highest yield strength is measured along the TD and the lowest along the RD. Additionally, the yield point is much more pronounced in the TD than in any other orientation. The elongation-to-failure is slightly higher in RD than in other orientations. The strain hardening behavior is rather low and similar along the different directions. Finally, the planar anisotropy, or r-value, (determined at 8% strain) is lowest along the RD and increases toward TD. The average r- 
is significantly greater than 1 (i.e., the sheet material resists thinning during in-plane tensile deformation.).
In comparison to this typical behavior of magnesium alloy sheets [e.g., 16], the results obtained from the rare earth containing alloys are in many ways opposite. The yield strength is highest in the RD and decreases towards the TD. The elongation-to-failure is lowest along the RD. It is noteworthy that there is a large difference between the behavior of the RD and 45° oriented samples, whereas the differences between the 45° and TD samples are less significant. The strain hardening behavior along different directions is quite distinct. The alloys exhibit rather low strain hardening rates along the RD, similar to those observed in alloy ZM21. Along the TD, the hardening rates are significantly higher and the shape of the flow curves approaches linear hardening during the first few percent strain. Finally, the rvalues for all the directions are close to 1, as are the average r-values (see Eq. 3 and Table 4 ).
This tendency towards isotropy promises to improve the sheet formability under some forming conditions.
As was observed for the texture results above, the mechanical property trends observed for 
However, this parameter was devised to relate to earring behavior during deep drawing of cubic metal sheets. In the present work, it is useful to derive a second anisotropy denoted Δr 2 ,
which is simply the magnitude of the variation in r-value as a function orientation within the plane of the sheet. By this measure, it is shown that the conventional alloy has higher in-plane anisotropy than ZK10, which is in turn higher than that of the RE-containing alloys (Table 4 .)
Alloy ZE10 exhibits the most isotropic response in terms of either r avg or Δr.
The basic property trends with alloying content are as follows. The yield strengths of alloy ZEK100 are slightly higher than ZE10, as are the elongations-to-failure. These are most likely a result of the finer grain size of the zirconium containing alloy, ZEK, since the texture, solute and precipitate content are similar. The strengths of alloy ZEK410 are even higher, which corresponds to the higher zinc content. Unfortunately, there is a commensurate decrease in ductility associated with the higher Zn content as well. Curiously, the strengths of alloy ZW41
are as low or lower than the alloys based on 1 or 2 wt% Zn. Additionally, the ductility of alloy ZW41 is nearly as high as ZEK100. While yttrium and cerium-rich mischmetal additions have a similar effect upon the texture (Fig. 3) , the impact upon the mechanical properties is quite distinct. If strength is the primary objective, Ce would be preferred, but Y seems to promote better ductility.
Discussion
Texture:
Typical textures of magnesium sheets are reported in a number of related studies dealing mostly with common sheet alloy AZ31 [e.g., 18]. In any of these cases, a "basal" texture similar to that observed for alloy ZM21 in the present study is presented. While ZM21 is not a common commercial sheet alloy, this alloy has been used historically to make extruded tubes for manufacturing bicycle frames, for instance [19] . Thus, regardless of whether the primary alloying element is Al or Zn, the typical magnesium alloy sheet texture is obtained.
Styczynski et al. [18] have shown that polycrystal plasticity simulations which incorporate a combination of basal <a>, prismatic <a>, and pyramidal <c+a> slip along with {10.2} tensile twinning will predict this type of basal texture during cold rolling, including the symmetrical split of the peak basal pole intensity towards the RD as shown for alloy ZM21 in Figs. 3 & 4.
Both basal slip and tensile twinning promote formation of the texture component with basal poles parallel to the ND. Especially twinning contributes to a rapid reorientation of grains during deformation [20, 21] such that the observed basal-type textures can be produced after only small reductions in thickness. Agnew et al. [22] stressed the significant role that <c+a> slip can have in rotating the basal poles from the ND direction toward the RD, to form the symmetric peaks described above and shown in Fig. 3 . Alternatively, {10.1} compression twinning followed by {10.2} re-twinning has been hypothesized as a mechanism to promote this splitting of the basal poles toward the RD [23] .
Warm rolling textures are also influenced by dynamic and/or static recrystallization.
Typically, the recrystallization textures of magnesium alloys are qualitatively very similar to the deformation texture described above but quantitatively slightly weaker [e.g., 24, 25].
However, as mentioned above, although it has recently been shown that even though highly alloyed WE53 (Mg-5 wt% Y, 3wt%Nd) exhibits a rather typical magnesium sheet texture after warm plane strain compression [9] , the texture becomes essentially random after a high temperature recrystallization anneal [9] . Thus, the search for an explanation for the texture randomizing effect of RE/Y additions can be focused primarily on the recrystallization behavior. The crystallographic texture which results from recrystallization depends of the orientation of the nuclei on one hand and on any selective nature of the growth process on the other hand. In magnesium alloys, at least four nucleation mechanisms have been proposed.
i)
Grain boundary nucleation of new grains seems to occur due to significant deformation in the "mantle" near the grain boundaries [26] accommodated by nonbasal slip mechanisms. Thus, new grains are formed adjacent to the original grain boundaries leading to a kind of necklace-type microstructure. This mechanism does not lead to significant alteration of the original deformation texture in Mg [27] .
ii) Subgrain boundary motion leads to coalescence of low angle boundaries and formation of increasingly high angle boundaries. This mechanism is promoted by the activity of non-basal slip [28] , yet, like the grain boundary nucleation concept above it is not expected to strongly alter the deformation texture.
iii) There have been a variety of shear band types proposed as nucleation sites in magnesium alloys, including operation of basal slip in poorly oriented grains that leads to kink band formation, linking of grain boundary deformation zones referred to above [28] , and deformation twinning itself [29] . Each of these band types can have basal planes nearly parallel to the shear plane and lead to some weakening of the overall basal texture in sheet material.
iv)
Finally, particles can increase the driving force for recrystallization and act as nucleation sites by generating local inhomogeneties in the strain energy and orientation [8] . This can lead to particle stimulated nucleation (PSN) which provides more randomly oriented nuclei and results in weaker recrystallization textures. It has been proposed that nucleation occurs more frequently at particles (PSN) in alloy WE43 than in conventional magnesium alloys, such as the most common sheet alloy AZ31 [11] .
In all the RE/Y alloys presented in this study, the textures are clearly distinct from the conventional basal texture described for alloys AZ31 and ZM21. The textures have a significantly broader distribution of basal poles toward the TD, as compared to the RD, but so does non-RE-containing alloy ZK10. Additionally, the textures of the RE-containing alloys are weaker than those typically reported for AZ31 or ZM21, particularly if one considers the intensity of basal poles aligned parallel to the ND. There is only a slight compositional difference between alloys ZK10 and ZEK100 (notably, 0.17 wt% Ce-rich mischmetal) yet the texture of alloy ZEK100 is much weaker than that of ZK10. The texture of ZE10 is essentially the same as that of ZEK100; thus, it is concluded that the Zr content does not strongly alter the texture evolution.
The alloys with the highest alloy content had the weakest textures. Obviously, the more highly alloyed sheets have more particles ( Fig. 1 and 2) . Thus, the present results at first glance appear to lend some support to the notion that the texture randomizing effect of RE/Y additions is connected with the PSN mechanism described above. However, the most striking difference in the alloy textures is between ZM21 (which contains a significant particle distribution) and all the rest (including alloys ZK10 and ZE10, which have very few particles.) It is further noted that an increase of the Mn (i.e., particle) content in AZ31 does not lead to changes in the sheet texture [30] . This raises the question of why alloys containing RE/Y would be more inclined to exhibit PSN. Perhaps there is a distinction in the nature of the particles. However, recent data from binary alloy Mg 1wt% Y showed a significant texture randomizing effect upon recrystallization annealing, even though there are expected to be very few particles in this alloy, which suggests that second phase particles may not be necessary at all [5] .
Alternatively, it is hypothesized that the observed texture modification may be more closely related to the nature of the solid solution alloy matrix. Notice that the texture-type qualitatively correlates with solute content. Even though alloy ZM21 has higher total alloy content than ZK10, the Zn solute content is expected to be lower, due to second phases which form [17] . This distinction in zinc solute appears to promote the splitting of the basal poles away from the ND toward the RD. Perhaps there is an additional propensity for a shear banding type deformation mechanism in the ZK and ZE alloys, as postulated long ago for dilute RE alloys [24] . One may argue that the higher (4 wt%) Zn alloys do not have higher solute content because the solid solubility for Zn at room temperature appears to be less than 1 wt%. However, the solubility at the working and annealing temperatures of interest (200-400ºC are in the range of 2 wt%. Further study will be required to determine the exact connections between RE/Y additions and the texture randomizing phenomenon. However, it is speculated that the reason RE elements strongly influence the recrystallization behavior of magnesium alloys is the same reason they affect the creep behavior, i.e., they are large atoms that are slow diffusers. Solute drag is known to distinctly influence the both the grain boundary mobility of different grain boundary orientation [31] , specifically, and the recrystallization kinetics [32] , in general.
Anisotropy:
The plastic anisotropy trends observed for the RE/Y containing alloys are opposite to those observed in the common alloy, AZ31, sheets [16] . We observe higher yield stresses and rvalues along the RD than the TD in the RE/Y alloys. It has been reported many times that the TD is stronger than the RD in AZ31, and that the r-values are higher along the TD than the RD [16] . This behaviour has been related to the crystallographic texture which has greater spread of the basal poles toward the RD than the TD. Quantitative predictions of these properties are possible using polycrystal plasticity simulation, given the initial texture as input and the single crystal plastic response, as characterized by the critical resolved shear stresses and hardening behaviours of the individual slip and twinning mechanisms. One advantage of this procedure is that the macroscopically observed behaviour may be linked to the grain-level mechanisms that are responsible in an efficient fashion, even for cases where single crystal growth is impossible. The value of polycrystal modelling has already been mentioned above in the context of simulating texture evolution.
The polycrystal plasticity approach employed in the present study is well-described in a paper by Lebensohn and Tomé [33] . The application of this approach to modeling the behavior of magnesium alloys is reviewed in Agnew and Duygulu [3] . The details of the twinning model employed and its application to a magnesium alloy are described by Tomé et al. [34] and Jain and Agnew [35] , respectively. In brief, the orientation distribution is calculated from experimental pole figures using the direct method of Williams-Imhoff-Matthis-Vinel (WIMV) described by Kallend [36] and then discretized on a 10x10x10º grid of Euler space using Bunge's convention (φ 1 , Φ, φ 2 ). This results in an ensemble of ~2000 orientations (grains) with the proper volume fraction ascribed to them in order to reproduce the experimentally observed texture.
The behavior of individual crystals of a given orientation is modeled using a viscoplastic crystal plasticity formulation described in [34] . The free parameters of the model are the crystal resolved shear stresses (CRSSs) and the hardening behaviors of the individual slip and twinning mechanisms. These are modeled using a Voce hardening rule: where τ s and θ s values are the CRSS and strain hardening parameters of the s th slip system respectively, and Γ is the accumulated shear strain. No latent hardening between slip or twinning systems was invoked during these simulations in order to keep the number of adjustable parameters to a minimum. Further, it has been found that the behavior of the main twinning mode, {10.2} tensile twinning, is well-modeled as not hardening at all [36] .
As an initial guess, the best-fit parameters for the room temperature mechanical behavior of AZ31 were utilized (see Table 5 ). Using the initial texture of ZW41 and these parameters, all the main features of the anisotropy are predicted. Namely, the RD tensile behavior is harder and exhibits a higher r-value than the TD tensile behavior. This indicates that the main features of the mechanical response are not primarily due to a change in the relative slip system strings, rather they are due to the unique crystallographic texture observed in these alloys. However, the predicted values of the r-values are too low and the hardening behaviors do not quantitatively match the experimental data using deformation mechanism parameters fit to the behavior of alloy AZ31.
In order to better fit the experimental data, the parameters which govern the individual deformation modes were altered from those in Table 4 , to those presented in Table 5 . The requirement for the model to simultaneously predict the experimentally observed r-values and flow curves obtained from the RD, TD and 45º oriented tensile samples serves to highly constrain the selection of model parameters. Most notably, the CRSS for basal <a> slip was increased relative to the other slip systems. This is an important finding for two reasons: i) the relative strengths of the slip systems determines their relative activities, which in-turn determines the anisotropy of the textured metal; and ii) it is consistent with previous experimental observations of solid solution alloys [37, 38, 39, 40] , in general, and REcontaining alloys [41, 42] , in particular, which indicated an increased density of non-basal dislocations.
At a detailed level, it was found that increased activity (decreased relative strength) of the non-basal <a> slip modes (prismatic {10.0} or pyramidal {10.1}) leads to an increase in the rvalues of all three test directions. Using this approach, the average r-value (Eq. 3) from the three testing directions can be brought close to that observed experimentally, but the range (or Δr parameter of Eq. 4) is still too high. This indicates that the individual crystals are still too anisotropic and a mechanism capable of accommodating c-axis compression, such as <c+a> slip, is required. Increasing the activity of <c+a> slip enables excellent agreement between the predicted and measured r-values to be obtained (Fig. 6b) . It is noted that another c-axis compression mechanism would have a similar effect on the simulation results, whether it be a {10.1} compression twinning mechanism or kink banding. In order to determine which specific c-axis compression mechanism is responsible will require additional research.
The discussion above focuses on fitting the observed r-values because the flow curves are similarly well-modeled by a range of parameter values. Thus, the more discriminating test of the model is the correct prediction of r-values * . However, the flow curves themselves are revealing (Fig. 6a) . Notice that the RD tensile test data exhibits parabolic hardening typical of slip-dominated deformation. Conversely, the TD flow curve exhibits essentially linear hardening. It is important to reiterate that a single set of model parameters is used to simulate the response in all of the tested directions. Thus, the polycrystal modeling approach enables connections to be made between the macroscopic mechanical response with the activity of specific deformation mechanisms.
For example, Figure 6c shows that the linear hardening during tension along the TD is primarily due to a combination of basal <a> slip and tensile twinning. Tensile twinning is favored in these RE-containing alloys during the TD tensile tests because there is a nonnegligible volume fraction of grains with c-axes close to the TD (Fig. 3) . generally places grains in a harder orientation with respect to continued slip or twinning, resulting in an increased macroscopic hardening rate. Barnett has previously noted that this type of linear hardening is due to a synergy between slip and twin accommodated flow in the discussion of transverse direction tensile testing of extruded bars, and further commented that such hardening leads to improved resistance to plastic instability according to Considére's criterion [44] . Indeed, the texture of the RE-containing alloy sheets approaches that of magnesium alloy extrusions, which have their c-axes perpendicular to the extrusion direction.
Further, the ductility of the RE-containing alloys is highest along the TD or 45º directions, which exhibit an improved hardening response in comparison to the RD. Thus, the objective of producing improved hardening behavior and resistance to plastic instability can be accomplished via randomization of the texture.
Conclusions
Wrought magnesium alloys typically exhibit strong basal textures with only slight variations between them, and it has only recently been reported that alloys containing rare earth elements and/or yttrium (RE/Y) can develop more random textures. In this study, it is hypothesized that soluble zinc and rare earth additions (Ce or Y) are responsible for the modification of the rolling texture of alloys ZK10, ZE10, ZEK100, ZEK410 and ZW41 from the conventional texture observed in alloys AZ31 and ZM21. The basal pole intensity aligned with the sheet normal direction is low, rather than high, in all the high zinc solute alloys.
Instead, the strongest basal intensities are tilted ~20º towards the rolling directions. The addition of rare earth elements leads to a weakening of the texture. Other studies link this latter result to distinct recrystallization behaviour of these alloys and further research is required to elucidate the specific mechanism(s) which are responsible.
Because the spread of the basal poles is greater toward the TD than the RD in the REcontaining alloys, the flow stresses are lower along the TD than the RD. Grains with c-axes tilted away from the sheet ND toward the tensile axis are more favourably oriented for basal slip and tensile twinning, the soft deformation mechanisms in magnesium alloys. The significant activity of tensile twinning during TD tensile testing leads to linear hardening behaviour that promotes desirable plastic stability against necking.
Finally, a reduced planar anisotropy (r ~ 1) is observed, in comparison to conventional alloys that have higher r-values, This too is related to the weaker textures which have a larger volume fraction of grains oriented favourably to accommodate in-plane tensile deformation by basal slip and twinning, which promote sheet thinning. Mg sheets with lower r-values promise to have improved forming behaviour under straining conditions which call for thinning of the sheet (i.e., stretching), a problematic strain path for current Mg alloys. Table 5 . Voce hardening parameters of the individual deformation mechanisms fit to the behavior of annealed magnesium alloy AZ31 sheet, after ref. [35] . All values are scaled relative to τ 0 (basal) = 1.0, and must be multiplied by 24.5 MPa in order to match the experimental. 
